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Cytology and Genetics of a Tissue Culture-Derived Soybean Genic Male-
Sterile, Female-Sterile
Abstract
A completely male-sterile, female-sterile mutant was derived from tissue culture of cv. Calland. The primary
goal was to identify its inheritance, allelism, and cytology. Calland sterile (TC) was nonallelic with st2, st3, st4,
and st5 female-sterile and malesterile mutants. In all crosses, except st5, single-gene recessive inheritance was
documented. Critical ratios, 15 fertile: 1 sterile (for two loci) and 45 fertile: 19 sterile (for three loci), were
observed in the F2 families from the cross of heterozygous Calland TC andSt5st5. F3 segregation data
confirmed the duplicate factor inheritance of Calland TC. Calland TC was designated St6st6st7st7 and
assigned the genetic type collection number T331H. The mutant was studied for abnormalities during
microsporogenesis. The first abnormality was the occurrence of hollow-core nucleoli in sporogenous mass
cells. During anaphase I and anaphase II of meiosis, lagging chromosomes and unequal chromosome
segregation were observed, resulting in numerically and genetically unbalanced microspore nuclei. This also
resulted in four microspores, and in five to eight microspores held together by common callose walls.
Dissolution of callose released microspores into locules. Most microspores enlarged and were surrounded by
microspore/pollen walls. After microspore mitosis, most young pollen grains degenerated. No viable pollen
grains were evident. The sterility in Calland TC can be attributed to desynapsis.
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A completely male-sterile, female-sterile mutant was derived from tissue culture of
cv. Calland. The primary goal was to identify its inheritance, allellsm, and cytology.
Calland sterile (TC) was nonallelic with s^, st^, s^, and st, female-sterile and male-
sterile mutants. In all crosses, except st,, single-gene recessive inheritance was
documented. Critical ratios, 15 fertlle:1 sterile (for two loci) and 45 fertile:19 sterile
(for three loci), were observed In the F2 families from the cross of heterozygous
Calland TC and S^st^. F, segregation data confirmed the duplicate factor inheri-
tance of Calland TC. Calland TC was designated S^s^e^st, and assigned the ge-
netic type collection number T331H. The mutant was studied for abnormalities dur-
ing mlcrosporogenesis. The first abnormality was the occurrence of hollow-core
nucleoll In sporogenous mass cells. During anaphase I and anaphaae II of melosis,
lagging chromosomes and unequal chromosome segregation were observed, re-
sulting in numerically and genetically unbalanced mlcrospore nuclei. This also re-
sulted In four microspores, and In five to eight mlcrospores held together by com-
mon callose walls. Dissolution of callose released microspores Into locules. Most
mlcrospores enlarged and were surrounded by mlcrospore/pollen walls. After ml-
crospore mitosis, most young pollen grains degenerated. No viable pollen grains
were evident. The sterility In Calland TC can be attributed to desynapsis.
Male sterility in higher plants has been re-
viewed by Kaul (1988). Nuclear male ste-
rility in higher plants may include male-
sterile, female-sterile mutations (Gott-
schalk and Kaul 1980a,b; Koduru and Rao
1981) or male-sterile, female-fertile muta-
tions (Gottschalk and Kaul 1974; Kaul
1988). In male- and female-sterile mutants,
both microgametogenesis and megagame-
togenesis are Interrupted as a result of ei-
ther asynapsis or desynapsis. Several
male-sterile and female-sterile lines, des-
ignated as st2, st3, st4, and sts, have been
described genetically and cytologically in
soybean [Glycine max (L.) Merr] (Palmer
and Kilen 1987). All mutations are inher-
ited as single recessive genes and their ef-
fect on the development of reproductive
cells of male-sterile plants has been pre-
sented (Palmer et al. 1992; Palmer and Kil-
en 1987).
Immature embryos and cotyledonary
nodes have served as explant sources for
soybean plant regeneration (Amberger et
al. 1992; Barwale and Widholm 1987; Frey-
tag et al. 1989; Graybosch et al. 1987; Laz-
zeri et al. 1985; Shoemaker et al. 1991;
Wright et al. 1986). Variation among plants
regenerated from tissue culture has been
termed somaclonal variation (Larkin and
Scowcroft 1981). Graybosch et al. (1987)
observed recessive mutations for putative
sterility characters in 2 of 89 families from
soybean plants regenerated from cotyle-
donary node tissue culture. At maturity,
all replications of entries Funman (-023)
and Calland (-009) contained podless
plants. Fertile progeny of these lines had
segregation ratios of about 3 fertile: 1 ster-
ile plant. The phenotype of Calland sterile
(TC) suggested a male-sterile, female-ster-
ile mutant. The few seeds on the Funman
sterile plants are a source of aneuploids
(Palmer and Skorupska 1994). The objec-
tives of this study were to describe the ge-
netics (allelism and inheritance) and the
cytology (microsporogenesis and micro-
gametogenesis) of Calland TC.
Materials and Methods
Genetics
Seeds from plants harvested from segre-
gating entries of the Calland TC (Calland
-009) were obtained from the Monsanto
Agricultural Company (St. Louis, Missou-
ri). Seeds of cv. Calland from the original
source that had not been through tissue
culture were no longer available from
Monsanto. Calland seeds were obtained
from Dr. R. L. Nelson of the USDA Agricul-
tural Research Service (Urbana, Illinois).
These seeds were from the 1986 harvest.
Calland seeds from previous years that
were the source of the Monsanto Calland
had been discarded (Nelson RL, personal
communication).
Inheritance studies and allelism tests of
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Calland TC with asynaptic or desynaptic
mutants T241H (St^sQ, T242H CSt^Q,
T258H (St^sQ, and T272H (St5sQ were
made by crossing fertile plants in progeny
rows segregating for sterility. Progeny
tests were conducted to determine the ge-
notype of each parent used in the crosses.
Only F, plants from crosses in which both
parents were heterozygous for sterility
were considered for allelism tests. The F,
plants in which heterozygous Calland TC
plants were used in crosses with fertile
plants (homozygous dominant) of T241,
T242, T258, and T272 were used for inher-
itance studies. The F,, F2, and F3 genera-
tions were evaluated for fertility/sterility.
The genotypes for the soybean genetic
lines and cultlvars are given in Table 1.
Two possible genotypes for Calland are
listed. Genetic data are presented that
were used to distinguish these two geno-
types. As a result of this study, data indi-
cated that Calland TC was heterozygous at
one locus, St^, and homozygous reces-
sive at another locus, stySt-,. The Soybean
Genetics Committee approved the gene
symbols st6 and st7. The curator of the
USDA soybean germplasm collection, Dr.
R. L. Nelson, assigned genetic type collec-
tion number T331H for the Calland TC mu-
tant.
Microscopy
Male-sterile plants were identified by
squashing anthers in a solution of iodine-
potassium iodide (I2K1) (Nelson 1968).
Aborted pollen grains were shriveled, col-
lapsed, and lightly stained, whereas fertile
pollen grains were plump and stained red
brown. For cytological investigations, in-
dividual anthers were dissected from re-
productive buds of various ages and pre-
fixed (fixatives I and II): fixative I was a
mixture of 2% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M phosphate buffer,
pH 7.2, for 2-4 h; and fixative II was 3%
glutaraldehyde in the same buffer and
time. Fixative II considerably improved cy-
tological preservation. Prefixed anthers
were washed in buffer, postfixed in 1% os-
mium tetroxide in the same buffer system
for 1 h, washed with buffer, dehydrated
through an acetone series to pure ace-
tone, and infiltrated and embedded in
Spurr's resin mixture (hard). Sections 1
jjim thick were cut with glass knives and
stained with 1% toluidine blue in 1% so-
dium borate. Specimens were observed
and photographed on a Leitz Dialux-20 mi-
croscope equipped with 35mm camera.
For cytological squashes two methods
were used: DNA-specific fluorescent dye
Table 1. Soybean genetic lines and cnltlvan used to te»t for allelism and for preexisting mutation In
the cnltlvar Calland
Designation Genotype
T241H
T242H
T258H
T272
T272H
Calland'
Calland'
Calland TC
(T331H)
S A
*A
•SfA
« A
» A
StjSl,
Stft,
St&,
sSu
»A
•S'A
•&A
•SfA
Sl,Slt
Stft.
Stj',
Stjt;
St£t
Sl#
C* C/
st,st,
' One possible genotype lor Calland.
* Another possible genotype (or Calland.
Table 2. Number of F, families that were all fertile plants, 3:1 segregation, or 9:7 segregation from
crosses between Calland TC beterozygotes and T241H (StjStj, T242H (StjQ, and T258H (S
heterozygotes
Segregation patterns and number of F, families
Cross-combinations
Calland TCSeg.' x St^,
Calland TC Seg. X Stjsl,
Calland TC Seg. X Sf^,
NS-
6
5
4
3:1
10
14
9
9:7
7
6
6
*• (1:2:1)
0.48
044
0.47
P
.79
.84
.79
• NS = nonsegregatlng (all fertile plants).
* TC - Calland derived from tissue culture.
' Seg. = segregating sterility.
Table 3. Segregation for fertility/sterility in the F, generation from crosses between Calland TC
beterozygotes and T241H (St&Q heterozygotes
No. F, plants
Fertile Sterile df Jt»(3:l) P
No. F, plants
Fertile Sterile df JT" (9:7) P
Total
Pooled
Homogeneity
1,038 343 10
1
9
2.16
0.02
2.14
.99
.89
.99
514 402 7
1
6
2.11
0 01
2.10
.95
.92
.91
Table 4. Segregation for fertility/sterility in the F, generation from crosses between Calland TC
heterozygotes and T242H (StptJ) heterozygotes
No. F2 plants
Fertile Sterile df
No. F, plants
Fertile Sterile df
Total
Pooled
Homogeneity
2,232 715 14
1
13
5.73
0.86
4.87
.97
.35
.98
700 526 6
1
5
0.83
0.36
0.47
.99
.55
.99
Table 5. Segregation for fertility/sterility in the F, generation from crosses between Calland TC
heterozygotes and T258H (Sf^ sfJ heterozygotes
No. F, plants
Fertile Sterile df ^ ( 3 : 1 ) P
No. F, plants
Fertile Sterile dl ^ ( 9 : 7 ) P
Total
Pooled
Homogeneity
1,322 439 9
1
8
0.01
3.05
3.04
1.00
.08
33
477 371 6
1
5
0.34
0.00
0.34
1.00
1.00
1.00
mlthramycin (Sigma M7393) (Pace et al.
1987) for fluorescence microscopy, and
IjKl for bright-field light microscopy. An-
thers were fixed with a mixture of absolute
ethanol and acetic acid (3:1 v/v). For flu-
orescence microscopy, anthers at different
developmental stages were dissected out
and chopped on a glass slide in a few
drops of chopping buffer (CB: 45 mM
MgCl2-6H2O, 30 mM trisodium citrate, 20 M
MOPS, 1.0 mg/ml Triton X-100, pH 7.0)
(Galbraith et al. 1983). Five microliters of
1 3 0 The Journal of Heredity 1997.88(2)
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Table 6. Genetic test for the Inheritance between tissue cuitnre-derived Calland TC and T272 {St^SQ
and T272H (StfQ F, data
Cross-combination
Calland TC-NS* x Sift,
Calland TC NS x St,sts
Calland TC Seg.< x Si£t,
Calland TC Seg. X Stft,
No. F,
families
90
65
58
84
66
32
31
34
30
Segregation
patterns
All fertile
All fertile
3:1
All fertile
15:1
All fertile
3:1
15:1
2.37:1
No. F, plants
Fertile
7,799
8312
4,226
6,018
3,777
Sterile
2,566
568
1381
433
1,564
0.33
0.61
0.41
2.35
0.39
P
.57
.43
SI
.13
53
• TC = Calland derived from tissue culture.
* NS = nonsegregatlng (all fertile plants).
' Seg. = segregating sterility.
a mithramycin stock (0.5 mg/ml in water)
were added to the slide with CB, cover-
slipped, and heated at 40°C for a few min-
utes, then squashed.
Results
Genetics
No sterile F, plants were observed in the
allelism crosses between Calland TC and
T241H, T242H, or T258H (St^, St,st3, St<st4,
respectively). The F2 families were either
nonsegregating or segregating for sterility
in a 3:1 or 9:7 ratio (Table 2). The F2 ratio
of nonsegregating families fit the expected
1:2:1 ratio for nonallelism in all three
cross-combinations (Table 2). The segre-
gation data for the F2 families were ho-
mogenous either for 3:1 or 9:7 segregation
of fertile:sterile plants (Tables 3-5). No
sterile F, plants were observed in the al-
lelism cross between the tissue culture-de-
rived Calland TC and T272H (St5sQ (Table
6). The F2 generation of nonsegregating
Calland TC with T272H (segregating) gave
families producing all fertile F2 plants and
families segregating 3:1 (Table 6). The F2
generation of segregating Calland TC with
T272 (nonsegregating) gave all fertile F2
plants and families segregating 15:1 (Table
6). The F2 generation of segregating Cal-
land TC with T272H (segregating) gave
four phenotypic classes in equal frequen-
cies; all fertile to 3:1 to 15:1 to 45:19 (2.37:
1) (Table 6).
The F3 generation segregation data of F2
families that segregated 15:1 are given in
Table 7. The observed segregation fit the
expected segregation [7 (all fertile) to 4 (3:
1) to 4 (15:1)]. The F3 generation segrega-
tion data of F2 families that segregated
2.37:1 are given in Table 8. The observed
segregation fit the expected segregation [7
(all fertile) to 18 (3:1) to 8 (2.37:1) to 8 (9:
7) to 4 (15:1)]. The genetic test for preex-
isting mutations for sterility in the cultivar
Calland is given in Table 9. In crosses with
T272H (StssQ, the F2 families were all fer-
tile plants or segregating 3:1 (Table 9). In
crosses of Calland with Calland TC segre-
gating for sterility, the F2 families were all
fertile plants or segregating 3:1 (Table 9).
CytologicaJ Studies—light Microscopy
Observations of male-fertile development
are presented when direct comparisons
with the same stages of male-sterile anther
development are warranted. Anther devel-
opment in male-fertile soybean has been
described by Carlson and Lersten (1987)
and Palmer et al. (1992). By the terminol-
ogy of Albertsen and Palmer (1979),
Table 7. Critical F, segregation for sterility derived from F, families that segregated 15 fertile: 1 sterile
Segregation patterns and number of families
NS« 3:1 15:1 ;e (7:4:4) P
Observed
Expected
F, genotypes
48
46.2
22
26.4
29
26.4 1.06 .59
Fertile F, plants were from Calland TC Seg. x T272K (StftJ cross.
' Nonsegregating (all fertile plants).
though modified in this study, anther on-
togeny is divided into four stages: sporog-
enous mass stage, meiotic stage(s) (meio-
cytes, dyads, and tetrads), free micro-
spore stage(s), and pollen stage(s).
Sporogenous mass stage. The earliest dif-
ference was the appearance of large, hol-
low-core nucleoli in the sporogenous mass
nuclei of the Calland TC (Figure 1). Be-
cause of this observation, male-sterile
plants can be distinguished from those of
male-fertile plants (Figure 2) in sectioned
anthers before meiosis. During the sporog-
enous mass stage, the cytoplasmically
dense sporogenous cells were surrounded
by the tapetal, parietal, endothecial, and
epidermal layers, as in normal plants (Fig-
ure 1). Callose walls were initiated around
the sporogenous mass cells as the nuclei
began to enlarge, signaling DNA synthesis
(Figures 3 and 4).
Meiotic stage(s). The meiocytes were
each completely surrounded by callose
and became round (Figure 5, Calland TC
at metaphase; Figure 6, normal line at
metaphase and anaphase). During the ear-
ly dyad stage in Calland TC, some lagging
chromosomes separated from the spin-
dles and the rest of the chromosomes dur-
ing postmetaphase (Figures 7-10). This re-
sulted in the formation of some male cells
with four nuclei, and others with five to
eight nuclei, each with generally less than
the normal complement of 20 chromo-
somes (Figure 11). During the early tetrad
stage, in both the Calland TC (Figures 12
and 13) and normal anthers (Figure 14),
cytokinesis occurred centripetally. Walls
appeared wavy in Calland TC (Figures 12
and 13); the normal walls were straighter
(Figure 15). After cytokinesis, only tetrads
of microspores were present in fertile an-
thers, whereas in the Calland TC anthers,
tetrads as well as five (pentads) to eight
(octads) microspores held together by
common callose walls were observed (Fig-
ures 16—18). At the late tetrad stage, dis-
solution of the callose around the tetrads
and abnormal pentads to octads allowed
the microspores to be released into the
locule (Figures 19-21). The sheath of cal-
lose, which typically dissolves after the
normal late tetrad stage, was sometimes
persistent in some Calland TC anther loc-
ules (not shown). A few mature Calland TC
anthers contained degenerated micro-
spores still encased in callose.
Free microspore stage(s). The normal mi-
crospores enlarged and developed thick-
ened microspore (future pollen) walls
(Figure 22). Their cytoplasms showed an
increase in the number of small vacuoles
llarslan et al> Cytology and Genetics of a Male-Sterile Soybean 131
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Table 8. Critical F, segregation for sterility derived from F, families that segregated 2.37 fertile: 1
sterile
Segregation patterns and number of families
NS- 3:1 2.37:1 9:7 15:1
(7:18:
8.8:4) P
Observed 18
Expected 20.4
F, genotypes
54 28 21
52.4 23 3 23.3
10
11.6 1.73 .79
Fertile F, plants were from Cailand TC Seg. X T272H
' Nonsegregatlng (all fertile plants).
and dense bodies. The surrounding tape-
turn remained intact, dense, and some-
what enlarged. The cytoplasm of some of
the Cailand TC microspores either degen-
erated or developed vacuoles of different
sizes (Figure 23); some microspores ap-
peared normal and continued to enlarge,
forming thickened microspore walls simi-
lar to those in the normal line (Figure 23).
Pollen stage(s). Each normal microspore
underwent a mltotlc division to form a
pollen grain (Figure 24). At this time, the
tapetum degenerated and the viable pol-
len grains became engorged with reserves
(Figure 25). Also the endothelial cells had
elongated radially and developed second-
ary thickenings both in the normal (Figure
25) and Cailand TC anthers.
The few Cailand TC microspores that
did not degenerate (Figure 26) or were not
still encased in callose (Figure 27) also un-
derwent mitosis and filled with reserves
(Figure 28). Some of them displayed ex-
tensions of their cytoplasm through the
pores, indicative of premature germina-
tion (Figure 28). The Cailand TC anthers
dehisced at maturity, similar to normal an-
thers (Figure 28).
All developmental stages—squashes.
Strongly fluorescent DNA was observed in
nuclei at all stages of fertile mlcrosporo-
genesls (Figures 29-33) and pollen forma-
tion (Figure 34). At the meiocyte stage,
male-sterile cells (Figures 35 and 36) and
male-fertile cells were not distinguishable
by squash preparations. In male-sterile
plants, the occurrence of lagging chromo-
somes in anaphase I (Figures 37-40) and
anaphase II (Figures 41 and 42) of meiosis
was confirmed by squash preparations. At
the tetrad stage, deviations in number and
size of microspores were corroborated.
Additionally, the small foci that resulted
from condensation of lagging chromo-
somes also were detected (Figures 43—46).
Developmental fate of male-sterile mi-
crospores that morphologically resemble
genetically balanced microspores from
normal plants generally followed the pat-
tern of mitotic division. Normal soybean
produces binucleate pollen grains. How-
ever, some male-sterile microspores re-
mained unlnucleate (Figure 47), while oth-
ers underwent mitosis to produce abnor-
mal binucleate pollen (Figure 48), binucle-
ate pollen similar to that of normal plants
(Figure 49), and pollen with several nuclei
(Figure 50).
The pollen grains (male cells) in normal
anthers were of uniform size and stained
densely with I2KI (Figure 51). The male
cells from the male-sterile anthers were
variable in size and did not stain with I2KI,
indicating sterility (Figure 52).
Table 9. Genetic test for preexisting mutation for sterility In the cultivar Cailand
No. F, plants
Cross-combinations
Cailand
Cailand
CaUand
Cailand
xStfl,
xStjt,
X Cailand TONS'
x CaUand TC Seg.'
No. F,
families
61
21
17
71
91
85
Segregation
patterns
All fertile
All fertile
3:1
All fertile
All fertile
3:1
Fertile Sterile
2,156 752
11,284 3,685
1.15
1.19
.28
.28
* TC = Cailand derived from tissue culture.
* NS = nonsegregatlng (all fertile plants).
c
 Seg. = segregating sterility.
Discussion
Genetics
The asynaptic and desynaptic soybean
mutants (sf) have two independent occur-
rences at the st2 and st5 loci and only one
occurrence at the st3 and stA loci (Skorup-
ska and Palmer 1990). Lack of chromo-
some pairing or precocious separation of
the chromosomes during meiosis is re-
sponsible for the very high level of male
and female sterility in the st mutations. If
Cailand TC were allelic with regard to ste-
rility with any of the st2, st3, si<, or sts mu-
tants, one-fourth of the F, plants would be
sterile. The F2 generation would include
nonsegregating families, and families seg-
regating in a 3:1 ratio. If different genes
were controlling sterility, F, plants would
be fertile, and F2 families would segregate
in 3:1 and 9:7 ratios.
The results of this study with st2, st3, sr4,
and sf5 mutations indicate nonallelism.
With the control crosses between St2, St3,
and Stt, and where only Cailand TC is seg-
regating, the F2 data indicate that the ste-
rility observed in the tissue culture-de-
rived Cailand was the result of a single re-
cessive gene. In the control crosses with
T272 (StgSQ, where only Cailand TC is seg-
regating, the F2 data fit a 15:1 ratio, which
implies duplicate factor inheritance; that
Is, two recessive genes control sterility.
Fertile F2 plants in families segregating 15:
1 were threshed individually and evaluat-
ed In the F3 generation. The F3 segregation
data confirmed the duplicate factor inher-
itance.
For the crosses between the two heter-
ozygotes, Cailand TC with T272H (S&Q,
four phenotypic segregation patterns were
evident in the F2 generation. These results
are expected if two segregation patterns
[3:1 for locus 1 (St^Q and 3:1 for locus 2
with locus 3 homozygous recessive
f,) and the genotype st^tfStTStj is ster-
ile] are combined through cross-pollina-
tion. The F3 segregation data from 15:1 F2
families and from 45:19 (2.37:1) F2 families
confirmed that three loci were segregat-
ing, that Cailand TC sterile is nonallelic to
sf5, and that Cailand TC sterile is con-
trolled by two loci. Allelism tests of T272H
(StssQ with T241 (St^Q, T242 (StJQ, and
T258 (St^SQ indicated that a single reces-
sive gene in T272H was responsible for
sterility (Palmer and Kaul 1983). The pres-
ent results with T272H are consistent with
the results of Palmer and Kaul (1983) for
T272H.
Chromosome rearrangements in cul-
tured cells and regenerated plants are
132 The Journal of Heredity 1997:88(2)
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Figures 1-11. Sporogeneous mass to dyad stages In normal and male-sterile anthers. (1) Male-sterile anther with hollow-core nucleoll at sporogenous mass stage. Bar —
15 iim. (2) Sporogenous mass stage In male-fertile anther. Note nucleoll. Bar — 15 (im. (3) Sterile and (4) fertile anthers at late sporogenous mass stage. Thin callose walls
surround sporogenous mass cells. Bar - 15 urn. (5) Sterile anther at melocyte stage; melocytes at metaphase. Bar - 15 yjn. (6) Fertile anther at melocyte stage; melocytes
at metaphase and anaphase. Bar » 10 JUIL (7-10) Sterile anthers at dyad stage; lagging chromosomes anaphase I (arrows). Bars - 10 (im. (11) Fertile anther at dyad stage.
Bar = 10 (im.
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• \
Figures 12-22. Normal and sterile tetrad to early free mlcrospore stages. (12, 13) Sterile anther at early tetrad stage; cytokinesis is centripetal and walls are wavy. Bars
- 20 tun. (14) Fertile anther at early tetrad stage; cytokinesis Is centripetal and walls are straight. Bar - 20 (im. (15) Fertile anther at tetrad stage; complete tetrads of
microspores. Bar = 15 \un. (16-18) Sterile anther at tetrad stage; tetrads and five to eight microspores per common callose walL Bar = 15 (im. (19-21) Sterile anther at
Iate4etrad stage; partial dissolution of callose around tetrads and five to eight microspores. Bars - 10 (im. (22) Fertile anther at early free-mlcrospore stage; thickened walls
occur around microspores and their cytoplasms have small vacuoles and dense bodies. Tapetal cells are enlarged. Bar - 15 |im.
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Figure* 23-28. Normal and sterile mld-mlcrospore to pollen stages. (23) Sterile anther at free microspore stage. Some mlcrospores have either degenerated or developed
vacuoles of dllferent sizes; some mlcrospores appear normal and are enlarged, with thickened microspore walls like those In the normal line. Bar » 35 \an. (24) Fertile anther
at early pollen stage. Bar - 20 \un. (25) Fertile anther at engorged pollen stage. Bar » 20 (im. (2$-28) Sterile anthers at equivalent normal anther pollen stage; a few sterile
mlcrospores/pollen grains have not degenerated (26); degeneration of mlcrospores/poUen grains In male-sterile anthers (27); robust mlcrospores displaying extensions of
their cytoplasm through pores, Indicative of premature germination (28). Bars — 30 nm.
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Figure* 29-50. Mithramycin squash preparations for fluorescent microscopy of nuclei and chromosomes from male cells at different stages of development. Bars - 10 jim
on 29-45 and 48-50; Bar - 30 (im on 46. Fertile (29-34) and sterile (35-50) anthers. (29) Fertile sporogenous mass stage. (30) Fertile dyad stage. (31, 32) Fertile early
and late tetrad stages. (33, 34) Fertile free late mlcrospore and pollen stages. (35) Sterile sporogenous mass stage. (36) Sterile meiocvte stage. (37-40) Sterile dyad stage.
Note lagging chromosomes in spindles. (41, 42) Sterile early-tetrad stage. Note lagging chromosomes In spindles. (43—46) Sterile late tetrad stage displaying microspores in
common callose wall: five cells (43), six cells (44), seven cells (45), and eight cells (46). (47-50) Sterile free mlcrospore and pollen stages displaying different numbers of
nuclei: microspore with one nucleus (47); pollen grain with two equal nuclei (48); pollen grain with two unequal nuclei (49); and pollen grain with more than two nuclei (50).
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Figures 51 and 52. Fertile and sterile pollen grains stained with I,KI. (51) Fertile pollen grains of Calland. (52) Unstained Calland TC mlcrospores and pollen grains of
various sizes. Bars - 35 (im.
known in many species and may be due to
late-replicating heterochromatin, activa-
tion of cryptic transposable elements,
changes in copy number, gene amplifica-
tion, DNA methylation changes, etc.
(Brown and Lorz 1986; Lee and Phillips
1988). No reports in the literature have
been found in which two alleles of a single
locus were changed or one allele of anoth-
er locus changed that was part of a dupli-
cate-factor inheritance pattern during tis-
sue culture or through the regeneration
process. The genetic test for a preexisting
mutation for sterility in the cultivar Cal-
land did distinguish (1) between a preex-
isting homozygous recessive condition at
one locus, and (2) that both alleles at one
locus simultaneously were changed to the
recessive state, and that only one allele at
a second locus was changed to the reces-
sive form. The present data support the
hypothesis that Calland was homozygous
recessive at one of the two loci (S/TS/7) re-
sponsible for the duplicate-factor inheri-
tance sterility and was homozygous dom-
inant at the other locus (StgSQ.
The results confirm that genetic types
T241H, T242H, and T258H are homozy-
gous recessive at one of the two loci
(5/TS/7) and homozygous dominant at the
other locus (StJSQ that is responsible for
sterility in Calland TC (Sf^eSW)- In ad-
dition, T272H is homozygous dominant
(S^eSfjS/,) at both loci that are respon-
sible for sterility in Calland TC. These pro-
posed genotypes explain the 3:1 and 9:7
segregations for fertility: sterility of Cal-
land TC with T241H, T242H, and T258H
and the 3:1, 15:1, and 2.37:1 segregations
for fertility:sterility of Calland TC with
T272H.
Cytology
The appearance of hollow-core nucleoli in
the Calland TC sporogeneous mass cells
was the first obvious difference that sep-
arated it from normal male cells. What this
difference means developmentally Is not
known.
In soybean, five synaptic mutants, stu
st2, st3, stt, and st5, have been identified
(Hadley and Starnes 1964; Owen 1928;
Palmer 1974; Palmer and Kaul 1983; Win-
ger et al. 1977), but the st, genetic stock
no longer exists. Male and female sterility,
which results from abnormal chromosome
number due to asynapsis or desynapsis, is
characteristic of synaptic mutants (Gott-
schalk and Kaul 1980a,b; Koduru and Rao
1981).
Homologous chromosome pairing and
separation at the metaphase plate during
meiosis in fertile soybean plants is com-
plete. Homologous chromosome pairing in
most sterile soybean plants is variable
during pachytene, but at diakinesis there
are major differences in chromosome pair-
ing between sterile and fertile plants
(Palmer and Kaul 1983). The observations
with the Calland TC show that the abnor-
malities occur during anaphase I and ana-
phase II when chromosome separation is
abnormal; some individual chromosomes
separate from the spindles with the ma-
jority of chromosomes, sometimes leading
to the formation of four but usually to five
to eight nuclei. The result is the produc-
tion of genetically unbalanced nuclei and
abortion of the male cells later in micro-
sporogenesis or early microgametogene-
sis. Lagging chromosomes have been re-
ported in meiotic studies of microsporo-
genesis in male-sterile, female-sterile
plants of the soybean cv. KS synaptic mu-
tant (Skorupska and Palmer 1987). Male-
and female-sterile synaptic mutants give
rise to gametophyte cells with abnormal
chromosome numbers because of loss or
gain of chromosomes (Burnham 1962; On-
set 1943; Koller 1938; Lesley and Frost
1927). Megasporocytes with abnormal
chromosome numbers also have been re-
ported in plants of the sterile cv. KS mu-
tant (Benavente et al. 1989). Koller (1938)
reported "micronuclei" in the pollen
mother cells of asynaptic mutants of Pi-
sum satiuum due to random behavior of
chromosomes after meiosis II. These chro-
mosomes tended to aggregate into either
small nuclei or microspores with differing
chromosome numbers so that the number
of microspores arising from each pollen
mother cell varied from three to eight. In
soybean, micronuclei have been reported
during microsporogenesis of synaptic mu-
tants (Palmer 1974; Palmer and Kaul
1983).
Some of the male-sterile and female-fer-
tile soybeans, such as ms, and mst, show
that cytokinesis following telophase II is
absent, partial, or abnormal in some other
way, resulting in cells with different num-
bers of nuclei (Albertsen and Palmer 1979;
Beversdorf and Bingham 1977; Chen et al.
1985; Cutter and Bingham 1977; Delannay
and Palmer 1982; Graybosch and Palmer
1985b; Kennell and Horner 1985). Many
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male-sterile systems are expressed during
the tetrad stage, either by suppressing
pollen wall formation (Horner 1977) or
leading to abnormal pollen wall formation
(Audran and Bouillot 1981; Graybosch and
Palmer 1985a,b). In Calland TC, micro-
spore mitosis did occur inasmuch as bi-
nucleate cells were evident. Some sterile
anthers had shriveled pollen grains that
were reduced in size similar to that ob-
served with soybean mutant T277H (Buss
1983). At the mature pollen stage, some-
times only degenerated cells were present
within the locules of male-sterile plants,
whereas in male-fertile plants pollen
grains were engorged with starch and lip-
ids. Some microspores lost their cyto-
plasm and formed atypical pollen grains.
Microspores in some collapsed locules
were highly degenerated and aborted
while still enclosed in callose. Similar ob-
servations were reported for ms2 and ms4
by Graybosch and Palmer (1985a,b; 1987).
Following microspore mitosis, some
young pollen grains partially filled with re-
serves before they degenerated. Pollen
grains from sterile plants varied greatly in
size and were characteristic of synaptic
mutants (Gottschalk and Kaul 1980a,b; Ko-
duru and Rao 1981). Some of the pollen
grains appeared normal In the Calland TC.
Calland TC showed other differences in
contrast to previously identified soybean
male-sterile mutants regarding morpholo-
gy of tapetal layer, callose dissolution, and
microspore wall formation [see Palmer et
al. (1992) for a review]. Calland TC tapetal
cells developed normally and callose dis-
solution occurred at the normal time, but
sometimes was not complete. Even at lat-
er stages, degenerated microspores
showed fully developed microspore walls.
These results indicate that Calland TC,
derived from tissue culture, exhibits fea-
tures both similar to and different from
the other already identified spontaneous
male-sterile soybean mutants. The main
result of desynapsis is the formation of nu-
clei containing abnormal numbers of chro-
mosomes. The resulting abnormal cells
are capable of forming microspore pollen
walls before they degenerate prior to and
following microspore mitosis.
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